Ageing Mechanical properties Pitting Intergranular corrosion a b s t r a c t This article reports the influence of the state of artificial ageing on the hardness, tensile properties and corrosion behavior of an Al-Mg-Si alloy. Pitting corrosion in 0.1 M NaOH solution and susceptibility to intergranular corrosion (IGC) have been systematically investigated,
Introduction
Aluminum (Al) alloys of 6xxx series grade are the most extensively used extruded products around the globe [1] . Commercial 6000 series alloys generally consist of Mg, Si, Fe and Cu as the major alloying elements. Grade 6063 Al-alloy is one among them, which is the most economical and is used presently worldwide in a range of applications owing to its Guan et al. [8] have investigated the influence of natural ageing on the pitting corrosion of 6005Al-T6 in 3.5 wt.% NaCl solution for over a week to generate a database for the interactive corrosion risk management of high-speed railway lines. These authors have suggested that pitting corrosion occurs as a result of the dissolution of the Al-matrix around the cathodic precipitates, intergranular attack, and channelling. The density of pits has been observed to be high for the coarse grain material in comparison to their finer ones. Kairy et al. [9] have studied the effect of Cu and ageing conditions on the metastable pitting behavior of 6xxx series alloys. Based on potentiodynamic polarization as well as potentiostatic transient tests in 0.1 M NaCl solution, it has been inferred that the metastable pitting rate decreases with increase in the Cucontent. Formation of larger precipitates during the process of ageing has caused a reduction in pitting potential, i.e., the resistance to pitting is maximum at the over-aged condition [9] . Prabhu et al. [10] have assessed the corrosion behavior of an Al-Mg-Si alloy in different concentrations of H 3 PO 4 as well as NaOH solutions by electrochemical method. It has been reported that the corrosion rate is considerably higher in NaOH solution in comparison to the H 3 PO 4 solution, and the corrosion rate exhibits an increasing trend with the concentration and temperature of the electrolyte. Several investigators [11] [12] [13] [14] [15] have reported that age hardenable Al-alloys are prone to pitting corrosion. De et al. [11] have shown that the extent of pitting corrosion is more significant in the over-aged alloy as compared to peak-aged ones. Gadpale et al. [12] have indicated that corrosion resistance of 2014 Al-alloy degrades with the increase of temperature and time of ageing.
Pitting is frequently encountered as precarious forms of corrosion in Al-alloys. In aggressive environments, these alloys are prone to pitting corrosion with severity ranging from highly uniform to extremely local [16] . Pitting corrosion is driven by the concept of passivity and occurs when a passive film breaks down under the presence of any electrolyte resulting in localized cavity formation. Pits are generally nucleated by the adsorption of aggressive anion on the surfaces having chemical or physical heterogeneities such as inclusions, intermetallic particles, flaws, and mechanical damages [16] [17] [18] . Besides pitting, intergranular corrosion (IGC) is also the commonly occurred one in many wrought 6xxx Al-alloys primarily influenced by the chemical compositions [19] and heat treatments [20] . The IGC susceptibility of 6xxx Al-alloys is known to be influenced by the ratio of Mg/Si, Cu content, the depletion of Si and Cu atoms, precipitation of Si and Cu phases at the grain boundaries, and the preferential dissolution of Mg 2 Si phase [21, 22] .
Guillaumin and Mankowski [23] have earlier studied the effect of two-step over-ageing (T78) and other intermediate ageing states (T78-1 and T78-2) on the localized corrosion of Al 6056 in 1 M NaCl solution. The corrosion mechanisms of the alloy in T78, T78-1 and T78-2 states are found to be similar to that of peak-aged state. The coarse intermetallic particles formed during the over-ageing are found to be the nucleation sites for the corrosion. These authors also advocated that the alloy in over-aged condition exhibits high resistance to IGC than the peak-aged state because of the lower potential difference between the matrix and the grain boundary as a result of larger precipitates that are formed throughout the matrix. Similar kind of ageing treatments is employed recently by Wang et al. [24] to improve the intergranular corrosion resistance of Al-Mg-Si-Cu alloy in comparison to T6 treatment while retaining its strength.
Most of the research on the corrosion behavior of 6xxx Al-alloys [20, 22, [25] [26] [27] is primarily focused on the effects of Cu content [25, 28, 29] and Mg/Si ratio [3, 30, 31] . The role of microstructure on corrosion behavior of Cu-free Al-Mg-Si alloy covering a wide range of ageing states has not been well understood. The present study aims to reveal the influence of artificial ageing covering highly under-aged to highly over-aged states on the susceptibility to IGC and corrosion characteristics in an alkaline (0.1 M NaOH) media of Al-Mg-Si alloy with negligible Cu. For this purpose, the selected Al-Mg-Si alloy has been subjected to artificial ageing at 175 • C for a time duration ranging from one hour to over two weeks. Corroded surfaces of the investigated specimens have been examined via optical microscopy, FESEM, EDS, 3D optical profilometer and XRD techniques to achieve insight on the micromechanisms of corrosion. Measurements of hardness and tensile properties apart from the assessment of precipitation state are integral parts of the present research scheme.
2.
Experimental procedures
Material
A commercial Al-Mg-Si alloy available in the hot extruded condition with 16 mm diameter is used for the present examination. An atomic emission spectroscopic analysis is performed to acquire the chemical composition (0.5 Mg, 0.435Si, 0.178Fe, 0.001Cu, 0.082 Mn, 0.006Cr, 0.067Zn, 0.023Ti and Al in balance) of the selected alloy (all in wt.%). The obtained composition in comparison with the ASM standards [32] confirms that the alloy procured belongs to AA6063 grade.
Heat treatment and microstructural characterizations
The initial objective of this investigation is to understand the ageing response of an Al-Mg-Si alloy based on the evolution of microstructure, measurements of Vickers hardness and tensile properties. Specimens of 10 mm length are sectioned for a microstructure as well as for Vickers hardness indentations. For the tensile tests, specimens having gauge dimensions of length, 25 mm and diameter, 6 mm are prepared via a mini-lathe machine. After few principal assessments, all the specimens are exposed to solution treatments in PID controlled muffle furnace at the selected temperature of 525 ± 2 • C for 2 h followed by rapid quenching (quench rate, 10 • C s −1 ) in an ice bath to form a solid solution in supersaturated state. These specimens are immediately subjected to age-hardening treatments at a temperature of 175 ± 2 • C in a woven furnace for different time intervals starting from 1 to 504 h to achieve different ageing states. For the ease of discussion, the various states of ageing are divided into five segments; namely, highly under-aged (HUA), under-aged (UA), peak-aged (PA), over-aged (OA) and highly over-aged (HOA). The limits of ageing time (t A ) for these segments are defined here by considering the Table 1 . Furthermore, it may be mentioned here that a particular specimen is denoted by the state of ageing where the value of t A is also noted as subscript. For example, HUA 2 refers to the highly under-aged state obtained by isothermal (T A = 175 • C) ageing for t A = 2 h. After the heat treatments, specimens are made flat and polished using different grades of emery papers (grit sizes: 220, 400, 800, 1200) and diamond pastes (6, 3, 1 and 0.25 m) to achieve a fine scratch-free surface. Whereas, for tensile specimens, the gauge portion is polished in a similar method before performing any test. Microstructural analysis in this study is primarily carried out to reveal the grain morphology of the alloy under different ageing states. The polished specimens are etched using a modified Keller's reagent by changing the concentrations as required for differently aged samples. Optical micrographs of the etched specimens are recorded at different locations in various magnifications using the optical microscope (Carl Zeiss). The grain sizes of the microstructures are measured using Image J software following a linear intercept method.
Mechanical testing
Vickers hardness indentations are carried out at random locations using the micro-hardness tester (Leica, Germany) under 2 Kgf load for indentation time of 15 s. At least ten readings are taken on each specimen to report the average value with standard error. The tensile tests are performed uniaxially at room temperature (25 • C) using Instron 8862 universal testing machine controlled via Bluehill ® software. The crosshead speed of 1.92 mm/s is selected to perform the tensile test, which corresponds to a strain rate of 10 −3 s −1 . At least two tests are performed for each ageing condition, and their average values are reported.
Corrosion tests
To investigate the influence of the state of ageing on the corrosion resistance of an Al-Mg-Si alloy, specimens of 15 × 15 × 4 mm 3 dimensions for immersion testing, as well as 30 × 15 × 4 mm 3 for IGC testing are prepared from the stock material. Heat treatments are carried out on the prepared specimens at selected temperatures and durations. Afterwards, the surface of specimens is finely polished following standard metallographic techniques. Before corrosion tests, specimens are thoroughly cleaned twice, both in acetone as well as in ethanol using an ultrasonic cleaner to remove any impurities that are caught during their preparation. Analytical grade sodium hydroxide (NaOH) pellets (low chloride) are procured for the immersion corrosion tests. Solution bath of 500 ml volume is prepared with 0.1 molar concentrations, which correspond to 2 g of NaOH and doubledistilled water. Corrosion tests are performed at room temperature by dipping the entire specimen in solution which is tied to a nylon thread for different immersion times (t i ) of 1, 3, 6, 12, 24, 72 and 168 h. After performing the tests for specific immersion times, specimens are retrieved from the solution, and then the surface is gently wiped with a soft tissue. Cleaning process of the corroded specimens is initiated by washing them in 70 % HNO 3 solution for 2 min and then in distilled water to remove the corrosion products while retaining the topography of the corroded surface [33] . The procedure mentioned above follows the standard practice ISO 8407:2009 [34] . Alloys resistance to immersion corrosion at different ageing conditions is assessed from the weight loss data obtained by measuring the weight of specimen before and after the corrosion tests using a high precision (10 −4 mg) microbalance (ABS 220-4, KERN & Sohn, Gmbh, Germany). A minimum of two tests have been performed for a particular ageing condition for a given t i , and their average values are reported. Corrosion rate has been determined based on the weight loss of specimens following [35] :
where the corrosion rate is expressed in mils per year, WL is the weight loss in mg, is the density of specimen which is 2.698 g/cm 3 for the selected Al-Mg-Si alloy, A is the exposed surface area (here, 6.78 cm 2 ) and t i is immersion time (h). Further, the topography of the corroded surfaces is characterized using 3D optical profilometer (Contour GT-K, Germany) to measure the changes in the average surface roughness (R a ) that is occurred as a result of pitting. The IGC testing is carried out as per the British standard (BS-ISO 11846) method B [36] . This process comprises of sequence of steps starting with the etching of the specimens in 10 wt.% NaOH solution for 5 min at room temperature followed by desmutting in 30 % HNO 3 for 2 min before immersing them for 24 h in 30 g NaCl +10 ml conc. HCL + distilled water solution. Precisely after the specified time of 24 h, the samples are withdrawn from the solution and cleaned them in distilled water and ethanol before drying in cold air. IGC susceptibility of the tested alloy at different ageing states is evaluated from the measurements of the average and the maximum corrosion depths. For this purpose, corroded specimens are sectioned in a transverse direction having a width of 10 mm using an abrasive cutter. Tw o of these sectioned pieces are cold mounted and mirror polished for measuring the corrosion depth under an optical microscope, and the middle portion is retained for morphological characterizations.
Field emission scanning electron microscopy (FESEM) equipped with energy-dispersive X-ray spectroscopy (EDS) is used to characterize the morphology of some corroded surfaces tested in 0.1 M NaOH solution as well after the IGC testing. After scrutinizing the recorded micrographs, the pre-vailing mode of corrosion is noted for each ageing condition. Characteristics of the corroded surfaces (with and without removing the corrosion products) are further evaluated by the X-ray diffraction technique (Model: Bruker D8 Advanced, UK) using Cu-K␣ diffractometer ( = 1.5418 Å) with an operating voltage of 60 KV and operating current of 30 mA. The data is collected within the scan range of 25 • -100 • at a scan rate of 0.02 • /s; PAN Analytical X-pert High Score software is used to analyze the corrosion products and phases present in the investigated alloy.
3.
Results and discussion
Ageing characteristics
The artificial ageing response of the selected Al-Mg-Si alloy is evaluated based on the evolution of microstructure and the measurements of Vickers hardness values. The microstructures of different ageing states (HUA 2 , UA 4 , PA 8 , OA 72 and HOA 336 ) are shown in Fig. 1 . Etching of the chosen specimens has revealed a fine equiaxed grains with their grain sizes ranging from about 35-75 m. The grain size of HOA 336 specimen is measured to be slightly higher in comparison to those specimens of other ageing states. The average grain size is measured as 52 ± 5 m. It is a well-known fact that the age hardening phenomena is a result of the formation of metastable precipitates. Fig. 2 (a) illustrates the Vickers hardness values of Al-Mg-Si alloy against different ageing times from 1 to 504 h heat-treated at a temperature of 175 • C. Results in Fig. 2 (a) of the selected alloy show the typical response of any age hardenable alloy [37] . Vickers hardness value of the as-quenched (AQ) sample after solutionizing at near eutectic temperature is measured as 43.7 ± 1.11 HV 2 . Artificial ageing treatment of the alloy exhibits a higher level of hardness values in comparison with the as-quenched sample. After 1 h of ageing, the hardness value of the sample increases to 46.65 ± 0.25 from 43.7 ± 1.11 HV 2 . The marginal increase in hardness is attributed to the quenched-in vacancy assisted formation of solute (Mg and Si) clusters [38, 39] . With increase of t A , hardness value increases gradually and reaches a maximum value of 89.46 ± 0.25 HV 2 at 8 h. The increment in hardness level is due to the restraining of the dislocation movement by GP zones [40, 41] , and semi-coherent ␤" (Mg 5 Si 6 ) needle-shape nanometer-size ranged precipitates [42] which precipitates with the progress of ageing. Further continuation of ageing treatment has shown a drop in the level of hardness values from 89.46 ± 0.25 HV 2 at 8 h to 52.6 ± 0.59 HV 2 after 504 h of ageing ( Fig. 2(a) ). The observed trend in hardness is an outcome of the coarsening of precipitates like ␤' (Mg 9 Si 5 ) [43] , U1 (MgAl 2 Si 2 ) [44] and U2 (Mg 4 Al 4 Si 4 ) [45] apart from precipitation of equilibrium ␤ (Mg 2 Si) and its coarsening [46, 47] . The ageing response of 6063 Al-alloy at same ageing temperature for different ageing times are studied earlier by He et al. [48] and obtained a similar age-hardening response although the reported peak hardness value is 83 HV 2 achieved at 12 h of ageing.
Tensile properties
Engineering stress-strain curves of some selected specimens are depicted in Fig. 2 2(c and d) ). This observation can be attributed to the hindrance of dislocation movements within the matrix by the formation of transient precipitates in a sequential manner through diffusion phenomena [38] . As the ageing is progressed further, i.e. from PA 8 
Fracture mechanisms
To have further insight into the effects of ageing parameters on the tensile behavior of Al-Mg-Si alloy, some selected tensile-fractured surfaces have been examined under SEM coupled with EDS facility. The representative SEM micrographs of the tensile fracture surfaces of HUA 2 and PA 8 specimens are shown in Fig. 3 . Macroscopic views of the fractured surfaces of both HUA 2 ( Fig. 3(a) ) and PA 8 ( Fig. 3(b) ) specimens show typical cup-and-cone fracture indicating the mode of failure as ductile. The degree of deformation before fracture is higher for HUA 2 alloy as compared to PA 8 alloy indicating higher ductility of former; this corroborates well with the obtained results ( Table 2) . Microscopic views of the fracture surfaces corresponding to the tensile and shear failure zones of HUA 2 PA 8 specimen ( Fig. 3(d) ). The formation of dimples under tensile loading is a consequence of the damage accumulation caused by the initiation, growth and coalescence of microvoids [50, 51] . Locations pointed out with red arrows are the ones where the coalescence of closely spaced voids occurs as marked by rectangular box in Fig. 3(c) . The initiation of micro-voids generally occurs at the precipitate-matrix and/or inclusion-matrix interfaces [50] . The presence of such particles is evidenced in Fig. 3(d) , which is further confirmed by EDS analyses (Fig. 3(e) ). Elongated dimples close to the specimen ridges ( Fig. 3(f) ) are indicative of shear fracture at the final stage of failure.
Corrosion response in alkaline solution
Five widely different states of ageing achieved via isothermal treatment have been selected to study the influence of immersion time (t i ) on corrosion behavior in alkaline (0.1 M NaOH) solution. Ageing times (t A ) have been selected, taking into account the ageing curve of Al-Mg-Si alloy as obtained at a temperature of 175 • C (see Fig. 2(a) ). The selected t A values are 2 h, 4 h, 8 h, 72 h and 336 h that develop highly under-aged (HUA), under-aged (UA), peak-aged (PA), over-aged (OA) and highly over-aged (HOA) states, respectively (Table 1) . 4 illustrates the variations of the corrosion loss and corrosion rate with immersion time (t i ) for differently aged Al-Mg-Si alloy. The obtained results signify that corrosion loss increases with increasing t i , and the difference of corrosion loss amongst the various states of ageing becomes more evident only at longer t i (Fig. 4(a) ). However, the dissimilarity of corrosion behavior with the state of ageing is obvious in the estimated corrosion rate curve ( Fig. 4(b) ). At any given t i , the corrosion rate increases in the order of HUA 2 , UA 4 , PA 8 , OA 72 and HOA 336 . For any particular state of ageing, the corrosion rate increases rapidly with t i before reaching a maximum or stable corrosion rate; this is followed by fast reduction of corrosion rate at longer (≥ 24 h) t i (Fig. 4(b) ). The time to reach the maximum or stable corrosion rate is found to be higher for specimens having relatively lower initial corrosion rate; i.e., longer t i (>12 h) for HUA 2 and shorter t i (< 3 h) for HOA 336 alloy ( Fig. 4(b) ). For a similar alloy and under the identical (0.1 M NaOH) electrolyte, Kisasoiz [52] has reported that the corrosion rate is higher for artificially aged alloy as compared to the naturally aged one. It has been further emphasized that the corrosion rate is initially higher but it reduces substantially with increase in the duration of exposure in alkaline solution [52] , which corroborates with the obtained results (Fig. 4) . The reduction in the corrosion rate of an alloy is due to the generation of the barrier layer at the solution-metal interface, which decelerates the dissolution process [53, 54] .
The topographies of the corroded surfaces have been examined with the help of 3D optical profilometer, and their average surface roughness (R a ) values have been measured. The effects of immersion time (t i ) for a selected state of ageing (here, PA alloy, i.e., t A = 8 h), and the ageing time (t A ) at a particular t i ( = 24 h) on the estimated R a values are shown in Figs. 5(a) and 5(b), respectively. These results are further illustrated using 2D and 3D views of some selected surface topographies as pre- sented in Figs. 6 and 7. In these figures, typical surface height plots are also depicted to highlight the characteristics of the pits generated during immersion in the alkaline solution. It can be seen from the results in Fig. 5(a) that R a value increases monotonically with t i . It is evident from Fig. 6(a) that the specimen immersed for 1 h has only few pits, and most of the surface is unreacted; the corresponding R a value is measured as 0.54 m. The width and depth of pits are increased with t i (Fig. 6) , and the pits are quite large at longer t i (cf Fig. 6(c) ). The R a value is found to increase from 0.54 to 5.72 m with an increase of t i from 1 to 72 h. The increase in the dimension of the pits (Fig. 6(d) ) with t i has been in good agreement with the rise in the corrosion loss versus t i (Fig. 5(a) ). Fig. 5(b) compares the roughness values of differently aged specimens immersed for the same duration (t i = 24 h) in the alkaline solution. The R a value is found to increase with t A (i.e., in the order of HUA 2 , UA 4 , PA 8 , OA 72 and HOA 336 states) due to the higher surface degradation by pitting corrosion as evidenced from images shown in Fig. 7 . It can also be seen that the R a value of HUA 2 alloy is around 2.13 m, and the same is increased to 4.27 m for an HOA 336 alloy. For same immersion condition, typical values of width and depth of largest pit in HUA 2 alloy are 9 m and 0.1 mm, respectively; these are increased to 32 m and 0.4 mm, respectively, for an HOA 336 alloy ( Fig. 7(d) ). These observations are in excellent agreement with the recorded variation of corrosion rate versus t A (Fig. 4(b) ).
Morphologies of the corroded surfaces have been investigated with the help of FESEM coupled with EDS microanalyses. Fig. 8 compares the features of the corroded surfaces of HUA 2 , PA 8 and HOA 336 specimens immersed for a fixed duration (t i = 24 h). These specimens have been examined immediately after the completion of immersion tests, i.e., without soaking the specimens in 70 % HNO 3 solution to remove the corrosion products which is followed before measurement of weight as per the recommendation of the ISO 8407:2009 standard [34] . The acid treatment has not been carried out purposefully to examine the features of the generated barrier layer. Whereas, another set of FESEM images in Fig. 9 represent the morphology of the surface beneath the barrier layer; i.e., these specimens have been examined after the standard acid treatment to remove the corrosion product/barrier layer. It may also be noted that images in Fig. 9 correspond to the t i of 1 and 168 h for a particular state of ageing (here, PA) and hence, illustrate the effect of exposure duration on the surface morphology.
Micrographs in Figs. 8 and 9 indicate that the localized pitting as the prevailing mode of corrosion in alkaline solution. It is obvious from the images in Fig. 8 that the density of the pitting enhances in the order of HUA 2 , PA 8 and HOA 336 alloys. The corroded surface of HUA 2 specimen reveals cavity-like regions with the occasional presence of corrosion products ( Fig. 8(a) ). The corroded surfaces of PA 8 (Fig. 8(b) ) and HOA 336 (Fig. 8(c) ) alloys exhibit the development of relatively compacted film; the thickness of the film in the latter is, however, more as compared to the former one. Considering the fact that these features have been developed at a fixed t i , the increase in the corrosion products in the order of HUA 2 , PA 8 and HOA 336 reflect the variation of corrosion rate as shown in Fig. 4(b) . The PA specimen corroded for 1 h show only few regions of the surface have been attacked, and most of it is still nearly unaffected ( Fig. 9(a) ). In contrast, the specimen immersed for 168 h exhibits near-uniform pitting corrosion over the entire surface ( Fig. 9(b) ). The uniform pitting is expected since the dissolution of Al-alloy in a strong alkaline solution is continuous and, the corrosion rapidly propagates over the entire surface at longer exposure times [52, 53] . Comparison of images in Fig. 9 further reveals that the size of the pits and their density rise with increasing t i indicating a greater magnitude of corrosion loss as observed in Fig. 4(a) for a particular state of ageing. The competitive film formation and its dissolution process regulate the variations in the corrosion rate of the Al-alloys [54] .
Pitting corrosion occurs due to the localized breakdown of the passive film resulting in the rapid dissolution of the metal [55] . The pits commonly occur at the physical or chemical heterogeneity of the surface and tend to be more reactive initially at the most vulnerable sites [56, 57] . In the case of age-hardenable Al-alloys, the common sites of chemical heterogeneity are precipitates that eventually control the rate of pitting corrosion [58] . The strong influences of the size of precipitates and their number density on the corrosion behavior have been reported earlier for 2xxx [59] , 6xxx [9] , and 7xxx [60, 61] series age-hardenable alloys. For instance, El-Menshawy et al. [62] have shown that with rise in t A , the volume fraction of the Cu-containing Q (Al 4 Mg 8 Si 7 Cu 2 ) phase and ␤" (Mg 2 Si) phases increase in 6061 alloy which, in turn, amplify the cathodic reaction rate leading to the rapid dissolution of the matrix in NaCl solution. Similarly, the evolution of higher amounts of precipitates such as ␤" (Mg 5 Si 6 ) and ␤ (Mg 2 Si) with increasing t A is found to cause greater pitting corrosion leading to higher corrosion rate in the order of HUA 2 , UA 4 , PA 8 , OA 72 and HOA 336 alloys (Fig. 4) . Identification of Ferich inclusion at the centre of a pit (Fig. 10 ) also infers inclusion associated initiation of pitting corrosion [58] .
XRD studies of some selected corroded samples, both with and without acid cleaning, have been performed to identify the nature of the corrosion products. Fig. 11 depicts the XRD line profiles of HUA 2 , PA 8 and HOA 336 samples immersed in 0.1 M NaOH solution for t i = 24 h. Analyses of XRD pat- Generation of such film decreases the contact between the unreacted material and the electrolyte resulting in the rapid reduction of the corrosion rate at longer t i (Fig. 4(b) ) when the reaction with the virgin surface is nearly completed.
In alkaline solution, the corrosion involves the electrochemical dissolution of Al [53, 64] , via both anodic and cathodic processes occurring simultaneously on the metal-electrolyte interface [63, 65] . To understand the underlying mechanism of the corrosion, it is important to explore which partial anodic and partial cathodic reactions are involved, and which of them prevails in the gross corrosion reaction. Moreover, the characteristics of the generated film of the corrosion products should also be considered. In the presence of oxide film at the metalelectrolyte interface, the anodic Al dissolution proceeds by direct metal dissolution reaction following the movement of Al ions through the film, as well as, by indirect metal dissolution reaction through repeated formation and dissolution of oxide film [10, 66, 67] . The corrosion reaction can be expressed as:
In summary, it can be inferred that the corrosion reaction of the Al-Mg-Si alloy in the selected alkaline (0.1 M NaOH) solution on the whole proceeds via a partial anodic reaction comprising of two sub-steps -the electrochemical formation of Al(OH) 3 film and its chemical dissolution, and a partial cathodic reaction associated with water reduction reaction.
Intergranular corrosion behavior
Most of the reports in the open literature [26, 29, 30, 68] related to the IGC susceptibility of 6xxx alloys are primarily limited to Cu containing Al-Mg-Si alloys. Understanding the IGC susceptibility of Al-Mg-Si alloys having extremely low or free Cu is yet to be crystallized. The IGC susceptibility has been evaluated based on the measurements of average and the maximum corrosion depths. The plots of average and the maximum corrosion depths measured using the optical and/or FESEM micrographs of the cross-sectional views of the IGC specimens is shown in Fig. 12 . The markings and digits embedded on the images in Fig. 12 are close to the obtained values of the corresponding maximum corrosion depth. In addition, the prevailing modes of corrosion for each ageing condition are Highly over-aged Etching identified via scrutinizing the recorded FESEM micrographs, and these are summarized in Table 3 . Representative images of some corroded surfaces are depicted in Fig. 13 . It is evident from the cross sectional images in Fig. 12 that the values of both average and maximum corrosion depths increase with the progress of artificial ageing; i.e., the susceptibility to IGC rises with increase in t A . Besides, the images in Figs. 12 and13 indicate that the mode of corrosion changes with progress of artificial ageing. The investigated alloy is found to be prone to localized pitting in the under-ageing regime, and it changes to pitting plus IGC at around peak-ageing condition. Mode of corrosion is primarily IGC in the over-ageing regime. These observations are attributed to the alterations in the characteristics of the precipitation (i.e., size, shape, amount and distribution) with the state of artificial ageing [62] . In general, the pitting after its initiation is known to grow into various shapes which are classified into isotropic and anisotropic group [69] . In the present study, various shapes and sizes of pits are observed ( Fig. 12 ). For instance, shallow elliptical surface and subsurface pits are observed for t A = 1 h specimen; whereas, narrow but the deep pit is found in t A ( = 3 h) specimen. Considering the morphology of pitting and the IGC, it can be adjudged that the characteristics of intermetallic particles play a vital role in determining the mode of corrosion since they act either as a cathode or anode resulting in their dissolution or that of the Al-matrix [8] . One can notice from a set of FESEM images in Fig. 13 that the modes of corrosion vary with isothermal ageing at T A = 175 • C. At the early stage of ageing (i.e. HUA), investigated alloy experiences slight pitting corrosion ( Fig. 13(a) ) which is triggered by the presence of either surface defects or a few numbers of solute clusters [26] . The increase of atomic clusters at higher t A results in moderate pitting corrosion as evidenced by the development of much deeper and denser pits in the UA 3 alloy ( Fig. 13(b) ). The dominant modes of corrosion attack in IGC specimens of PA alloy are found to be pitting and localized IGC (Figs. 13(c) ). It may be noted that the pits are much smaller in size in the PA sample as compared to the UA specimen ( Fig. 13(b) vis-a-vis Fig. 13(c) ). The localized ICG is the predominant mode of IGC in the OA (t A = 24 h) alloy although few pits are also observed ( Fig. 13(d) ). With increase in t A in the OA regime, localized IGC is transformed into uniform IGC ( Fig. 13(e) ). In contrast, HOA (t A = 336 h) alloy exhibits etching of the surface (Fig. 13(f) ) having characteristics of shallow and dense pits closely packed over the entire surface [70, 71] . The UA alloy is resistive to IGC and exhibits pitting corrosion owing to the homogenous distribution of solute atoms throughout the matrix, i.e., at both grain boundaries and grains [72] . The formation of precipitates such as ˇ′ ′ (Mg 5 Si 6 ) at the grain boundaries and the depletion of solute atoms specifically Si around these introduce the localized IGC in PA alloy [20] . The presence of discontinuous ˇ (Mg 2 Si) precipitates of larger size and high volume fractions are primarily causing the severe grain boundary corrosion via crystallographic tunnelling in an OA alloy [31, 71] .
The IGC occurs due to severe selective dissolution at the grain boundaries or in the vicinities of the grain boundaries without an appreciable attack on the grain interiors. Susceptibility to IGC in Al-alloys is controlled by the segregation of alloying elements or preferential precipitation of second-phase particles rich in alloying elements at the grain boundaries causing the development of solute or precipitate free zones (PFZ) adjacent to the grain boundaries. These regions are prone to corrosion attack while the grains are cathodically protected to some extent [73] . In general, 6xxx Al-alloys show minor susceptibility to IGC, particularly if the Mg/Si ratio is balanced as required for the formation of Mg 2 Si [74] . However, an excess amount of Si is often added in the Al-Mg-Si alloys to improve mechanical property [68, 75] as the case in the chosen alloy in which the Mg/Si is 1.16. The excess Si increases the susceptibility to IGC since it preferentially segregates at the grain boundaries making these more cathodic compared to Si depleted adjacent regions which are anodic in nature [76] [77] [78] [79] .
The observed alterations in the corrosion behavior of Al-Mg-Si alloy with the state of ageing can be explained by considering the changes in the microstructural characteristics such as the evolution and distribution of precipitates within the grain as well as at the grain boundaries. Fig. 14 shows the schematic representation of the surface morphology of differently aged alloy subjected to IGC testing. The schematic representations of the microstructure of UA, PA and OA alloys are based on the concerned precipitation states reported elsewhere [80] . Except for a few solute clusters or GP zones, the matrix and grain boundary of UA specimen is free from precipitates ( Fig. 14(a) ). The lack of precipitation does not provide any favourable conditions for the occurrence of IGC. In PA alloy, the localized IGC has occurred as a result of the coupling between the discontinuous grain boundary precipitation and matrix involving cathodic like AlFeSi inclusions or anodic such as ˇ" (Mg 5 Si 6 ) precipitate and the precipitate free zone (PFZ) [20, 68] . In contrast, almost continuous grain boundary precipitation of equilibrium (Mg 2 Si) phase and the development adjacent PFZ zones has resulted uniform IGC in case of OA alloy. In case of Cu-containing Al-Mg-Si alloys, it has been reported that the evolution of Q-phase (Al 4 Cu 2 Mg 8 Si 7 ) as the grain boundary precipitates increases the susceptibility to IGC since the precipitate forms the micro-galvanic coupling with the less noble PFZs [25, 68, 81] . In addition, intermetallic dispersoids gener- ally found in the grain boundary provide additional driving force for IGC and stimulate it's propagation [72, 81] since these are cathodic with regard to the matrix [82] . The presence of an intermetallic particle (AlCrMnFeSi) at the grain boundary region has been confirmed by EDS analyses (Fig. 15 ).
In summary, it can be stated that the mechanisms involved in the intergranular attack of the investigated Al-Mg-Si alloy with its progress of ageing from HUA to HOA are: pit initiation → pit propagation → pitting + IGC → IGC → IGC propagation → etching.
Conclusions
Artificially aged 6xxx Al-Mg-Si alloys are employed in a spectrum of applications because they are cost effective and provide wide range of properties. The present study is directed Fig. 15 -EDS mapping and spectra of an intermetallic particle present in the grain boundary of typical corroded IGC tested specimen. Note that intermetallic is rich in Fe, Cr, Mn and Si.
to investigate the influence of the state of ageing on the mechanical properties and corrosion behavior of an Al-Mg-Si alloy. Artificial ageing has been carried out at the temperature of 175 • C for various time intervals ranging from 1 h to 336 h, and the corrosion performance is evaluated via immersion in 0.1 M NaOH solution and the intergranular tests. The major conclusions are:
• The selected Al-Mg-Si alloy with little amount of Mg (0.5 wt.%) and Si (0.43 wt.%) exhibits strong age hardening response. Yield strength of the selected alloy increases from 94 ± 5.32 MPa in as-quenched state to 264.3 ± 4.26 MPa in peak-aged condition. The variations in the hardness and tensile properties with ageing time are discussed.
• Irrespective of the state of ageing, the corrosion rate of the Al-Mg-Si alloy in the alkaline (0.1 M NaOH) solution increases rapidly with immersion time (t i ) before reaching either a maximum or a stable value; which is followed by a rapid reduction of corrosion rate at higher (≥24 h) t i due to the formation of aluminium hydroxide film. The corrosion process of the Al-Mg-Si alloy proceeds by means of a partial anodic as well as a partial cathodic reactions.
• IGC susceptibility of the selected alloy is governed by microstructure as determined by the state of ageing. It is identified as slight to moderate pitting in highly underaged, moderate to heavy pitting in under-aged, pitting with localized ICG in peak-aged, localized to uniform IGC in overaged, and uniform IGC to etching in highly over-aged state. The IGC susceptibility is controlled by the anodic dissolution of the precipitate free zones and closely neighboured grain boundary precipitates of AlCrMnFeSi acting as cathodes specifically in the highly over-aged alloy.
• The variation of corrosion behavior with the state of artificial ageing is related to the formation of the micro-galvanic coupling between the anodic precipitate free zones and the cathodic matrix grains with precipitates such as ␤" (Mg 5 Si 6 ), ␤' (Mg 9 Si 6 ) and ␤ (Mg 2 Si), and /or grain boundary precipitates of ␤ (Mg 2 Si) and Fe-rich inclusions as evolved with the progress of ageing.
